or dc-driven, He/2%H 2 O atmospheric pressure plasmas (APPs) showed an ionization instability resulting in standing striations (spatial oscillations) in the bulk plasma. We developed a steady-state striation theory which showed that the striations are due to non-local electron kinetics. In both the high frequency and dc-driven cases, the equilibrium electron density n 0 in the plasma bulk was stationary. In this work, we first conduct 1D PIC simulations of a 1 mm gap He/2%H 2 O APP, driven by a sinusoidal current at a low frequency of f ¼ 50 kHz such that x ¼ 2pf is well below the ionization frequency iz . In this case, n 0 varies with time, and we observe a time-varying instability which quasistatically depends on n 0 (t). At each phase of the rf cycle, the discharge resembles a dc discharge at the same n 0 . At higher frequencies (200 kHz-1 MHz), x approaches iz , and quasistatic equilibrium at each phase breaks down. The discharge is also driven with a 200 kHz, 50% duty cycle square wave pulse with a short rise and fall time of 0.1 ls in an attempt to directly measure the striation growth rate s during the on-cycle before it saturated. However, the spike in current during the rise time leads to a spike in electron temperature T e and hence iz and s at the beginning of the rise which saturated during the beginning of the on-cycle. To predict the instability growth rate and saturation during and after the current spike, we extend our striation theory to include time-varying n 0 , T e , iz , as well as terms for the nonlinear saturation and noise floor of the striation amplitude. The timevarying global model predictions are compared to the PIC simulations, showing reasonable agreement. Published by AIP Publishing. https://doi.org/10.1063/1.5016072
I. INTRODUCTION
Narrow gap atmospheric pressure plasmas (APPs) have wide ranging energy and biomedical applications. Typical gap sizes are 0.2-2 mm, and typical driving frequencies range from dc to rf frequencies of tens of megahertz. A common feedstock is helium with a small molecular gas admixture. He/H 2 O APPs are of particular interest, 1, [3] [4] [5] [6] [7] [8] [9] [10] [11] as water is present in many applications, sometimes as an impurity. Discharge control for applications can be disrupted by instabilities. In previously conducted one-dimensional (1D) kinetic particle-in-cell (PIC) simulations of narrow gap (e.g., 1-4 mm), high frequency (e.g., 27 MHz) or dc-driven He/2%H 2 O APPs, we observed an ionization instability, which resulted in standing (stationary) striations or spatial oscillations in the bulk plasma diagnostics. 1, 2 By examining the electron energy distribution functions (EEDFs) of unstable He/H 2 O APPs, we found that nonlocal kinetic effects are required for the instability. The high energy tail of these EEDFs was larger at higher bulk plasma density n(x) and lower root mean square (rms) electric field E(x), indicating that the ionization rate coefficient K iz (x) increased with n(x) and decreased with E(x). A local calculation (e.g., using BOLSIGþ 12 ) would show K iz increasing with increasing E. Since the high energy tail EEDF distortions are kinetic effects, they would not be captured by fluid models or simulations.
Striations have been observed and extensively reviewed [13] [14] [15] [16] in dc-driven long cylindrical devices in the low to moderate pressure regimes in which p g RՇ10 Torr À cm, where p g and R are the gas pressure and discharge radius, respectively. Both fluid 15, [17] [18] [19] [20] [21] and kinetic 16, [22] [23] [24] models were developed in this regime. Conditions for instability in a fluid model that indicated the importance of negative ions were developed 20 and reviewed. 14, 15 However, more recent studies 16, [22] [23] [24] and experiments [25] [26] [27] [28] [29] [30] [31] [32] indicate that if kinetic effects are included, negative ions are not required to observe striations.
No striations were observed in a previous PIC study of He/N 2 APPs. 33 This prompted us to modify the chemistry of the He/H 2 O APP to resemble that of the He/N 2 APP in order to discover the difference between the two APPs that was causing the striations. We eliminated the negative ions and turned off attachment, rotational and vibrational excitations, and e-H 2 O elastic scattering, but we still observed striations. However, reducing the electron-ion recombination rate coefficient K rec in the modified He/H 2 O APP did suppress the striations. The key difference between He/H 2 O and He/N 2 is that the former forms high mass positive ion clusters such as H 13 /s is about 80 times larger than in He/N 2 . We developed a theory for the instability in the modified He/ H 2 O APPs which showed that discharges with lower ion mobility and higher K rec n 0 tend to be more unstable, where n 0 is the equilibrium (non-perturbed) bulk plasma density. 1 The theory also determined a critical wavelength k c such that striations with shorter wavelengths are stabilized by diffusion. Longer wavelength striations may be stabilized by the finite bulk plasma width or electron locality, as will be discussed in Sec. IV. According to the theory, the striations in the He/H 2 O APPs are due to the unusually high K rec of the high mass positive ion clusters. So, these striations would not be expected in He/N 2 or pure inert gas discharges, which do not form high mass positive ion clusters with high K rec 's.
The theory suggests that He/H 2 O APPs with timevarying n 0 may display a time-varying instability with nonstationary striations. Unlike electrons, the much heavier ions cannot respond to a rapidly varying rf field but only respond to the time-averaged field so that the ion density is stationary in the high frequency and dc-driven He/H 2 O APPs. The electron density in the plasma bulk is also stationary in these discharges, as it is tied to the ion density due to quasineutrality. This explains why the observed striations in the previously simulated high frequency and dc-driven He/2%H 2 O APPs were stationary. In this paper, we conduct 1D PIC simulations of narrow gap He/2%H 2 O APPs operated at low frequencies (50 kHz-1 MHz). This introduces the new phenomenon of time-varying bulk plasma density which profoundly affects the striation formation. We therefore extend our previous analysis to apply to He/H 2 O APPs with timevarying bulk plasma density n(x, t), electron temperature, and ionization. The revised striation model also introduces terms in the particle balance for the nonlinear saturation and the noise floor of the striation amplitude.
In Sec. II, we briefly review the PIC method as well as the steady-state global model used in our previous study of high frequency or dc-driven He/H 2 Kinetic PIC codes obtain diagnostic information (e.g., the fields, particle densities, and fluxes) self-consistently from first principles, without making any assumptions about the particle temperatures or velocity distributions. The He/H 2 O APP simulations are conducted using the one-dimensional (1D), kinetic, and electrostatic particle-in-cell (PIC) code xpdp1. 34, 35 Each computer particle represents a cluster of 10 6 to 10 8 real particles (e.g., electrons and ions). For each computer particle, xpdp1 tracks the 1D displacement in the axial (x) direction and the velocity components in all three directions using a leapfrog integration scheme. The simulation is run with a sufficient number of particles to minimize the discrete particle noise. In the xpdp1 geometry, a plasma discharge is situated between two parallel, planar electrodes with the left electrode attached to a current or voltage source, and the right electrode grounded. The neutrals in xpdp1 are assumed to form a constant and uniform background gas with a fixed temperature. Collisions between the particles and the background gas are included in the simulations by using a Monte Carlo collision (MCC) algorithm. 35 In order to speed up the PIC code, our previous PIC studies of He , and electrons are tracked as PIC species. The identities of the dominant ions and the most important reactions were determined using a hybrid global discharge model. 5, 6 A full description of this base He/H 2 O reaction rate set is given in reference.1 As discussed in Sec. I, in order to simplify the analysis, we also used a modified He/2%H 2 O chemistry in which the negative ions were eliminated and the e-H 2 O scattering, attachment, rotational, and vibrational rates were set to zero.
1,2 The modified He/2%H 2 O chemistry set used in the PIC simulations in the present work is described in more detail in the Appendix.
B. Steady-state global model
In Ref. 1, we developed a steady-state global model to explain the standing striations observed in the high frequency or dc-driven He/2%H 2 O APPs in which the equilibrium bulk plasma density n 0 is stationary. We summarize this model here. In Sec. IV, we extend this model to develop a time-varying global model to take into account low frequency He/2%H 2 O APPs with time-varying n 0 and timevarying instability. We simplify the analysis by using the modified He/2%H 2 O chemistry described earlier. The particles in the bulk plasma are created by direct electron impact ionization of H 2 O and lost by electron-ion recombination with a constant rate coefficient K rec . We assume geometrical scalings for the ionization rate coefficient K iz and the e-He scattering rate coefficient K el with respect to the reduced field X E/n g :
, we obtain the linear growth rate in time s of the bulk density striations
with the destabilizing recombination term
and the stabilizing diffusion term
Here k ¼ 2p/k is the striation wavenumber and D a ¼ l i (T e þ T i ) is the ambipolar diffusion coefficient with l i the ion mobility and T e and T i the electron and ion temperatures, respectively. The bulk plasma is unstable for positive growth rate s, leading to the instability condition
Since s diff is greater than zero, a necessary (but not sufficient) condition for instability is that s rec > 0. For typical discharges with p < 1, this implies that q < p -1 < 0. Since q < 0 is required for instability, K iz varies inversely with X ¼ E/n g , as was observed in the PIC simulations. Since the destabilizing term s rec is proportional to K rec n 0 while the stabilizing term s diff is proportional to l i , discharges with larger K rec n 0 and lower l i are more unstable. For s rec > 0, we set s rec equal to s diff to calculate a critical wavelength
such that the system is stable for all k k c . Shorter wavelength striations are stabilized by diffusion while longer wavelength striations may be stabilized by the finite width d of the plasma bulk or by a transition to locality.
III. PIC RESULTS FOR LOW FREQUENCY SINUSOIDAL OR PULSED DRIVES
We conduct PIC simulations of modified chemistry He/ 2%H 2 O APPs operated at low frequencies of f ¼ 50 kHz-1 MHz with either a sinusoidal or pulsed current drive. At these low frequencies, the equilibrium (non-perturbed) bulk plasma density n 0 varies with time so that unstable discharges may exhibit time-varying striations. For each case, we set the gap size l to 1 mm, the ion-induced secondary electron emission coefficient c i to 0.15, the gas pressure to 760 Torr, the gas temperature to 300 K, and the (nominal) plate area to 1 cm 2 .
A. Sinusoidal current drive
In this subsection, we present and discuss PIC results for the discharges driven with a sinusoidal current JðtÞ ¼ J 0 sin xt, where J 0 is the current amplitude and x ¼ 2pf is the radian frequency. In Fig. 1 , we show (a) electron density n(x), (b) ionization rate profile, and (c) E 2 (x) versus x at eight equally spaced phases (labeled 1-8) from / ¼ p/8 to p of an rf half-cycle for the case of a 50 kHz sinusoidal current drive with J 0 ¼ 0.23 A/ cm 2 . The second half-cycle results would just be a reflection across the x ¼ 0.5 mm (midpoint) axis of the first half-cycle results. Each curve is time-averaged over a p/8 interval centered at its corresponding phase. The solid and dashed curves correspond to the ascending J(t) and descending J(t) quartercycles, respectively. The equilibrium (unperturbed) bulk plasma density n 0 varies with rf phase, increasing with increasing current J ¼ J 0 sin /, and reaching a maximum of about 10 18 m
À3
at / ¼ p/2 (phase no. 4). No striations are observed at the lowest displayed density of n 0 ¼ 2.3 Â 10 17 m
. At higher n 0 , striations start to appear and increase in amplitude and decrease in wavelength as n 0 increases, as expected from (2) and (5). The striations are not sinusoidal, indicating a mixture of unstable wavelengths rather than just one primary wavelength. A Fourier analysis of the bulk electron density n(x) at / ¼ p/2 (phase no. 4) showed that the wavelengths k with the largest Fourier components are in the approximate range of 0.18 to 0.23 mm, indicating k c % 0.18 mm. The theoretical calculation of k c from (5) also predicts k c % 0.18 mm. Using (1) to calculate the linear growth rate s for a striation of wavelength k ¼ 0.2 mm, we obtain s % 1.1 Â 10 6 s
À1
. As in our previously simulated unstable discharges, 1,2 the ionization rate oscillations are in phase with the density oscillations and out of phase with the field oscillations, indicating that the scaling exponent q relating K iz to E/n g is negative, as expected from the steadystate global model.
We observe instabilities in discharges with large K rec in which the bulk ionization is balanced mainly by recombination so that in the steady-state is the H 2 O gas density and K rec % 4 Â 10 À12 m 3 /s for the He/ H 2 O APPs. Then, in the steady state, we expect an ionization frequency
The PIC results for the period-averaged n 0 and iz are n 0 ¼ 6:7 Â 10 17 m À3 and iz ¼ 2:9 Â 10 6 s À1 , which is between 2 and 3 times larger than the s calculated above. Note that iz is approximately equal to K rec n 0 ¼ 2:76 Â10 6 s À1 , as expected from (6) . Figure 2 shows the ionization frequency iz from the PIC data (circles) and expected steady-state iz (triangles) from (6) 
, the ionization time is short compared to the time (1/x) it takes for the applied rf current J (and hence the discharge diagnostics) to change significantly. In this case, the discharge diagnostics would be in a quasistatic equilibrium so that at a given phase /, the discharge would resemble a dc discharge with the same current of J ¼ J 0 sin /. This explains the good agreement between the iz from the PIC data and the expected steady-state iz from (6), as well as the near symmetry between the ascending and descending J quarter-cycles, especially at the higher iz (or higher n 0 ). In Fig. 3 , we show the electron density versus x for the same discharge as in Fig. 1 , but driven with a dc current of J ¼ 0.23 A/cm 2 . At / ¼ p/2 (phase no. 4) and J ¼ J 0 sin ðp=2Þ ¼ 0:23 A=cm 2 , there is a close correspondence of the equilibrium bulk density n 0 and the peak amplitudes and peak separations of the density striation between the 50 kHz and dc discharge. For this 50 kHz case with x ( iz , the discharge is quasi-static, resembling a dc discharge at the same current.
Since the observed striations are already in their final nonlinear saturated states, there is not much information about the striation growth rate s. We therefore examined higher frequencies to observe the frequency range over which the quasi-equilibrium breaks down, which is qualitatively related to the growth rate s. Figure 4 shows the electron density versus x for the same discharge and at the same phases as in Fig. 1 , but driven at higher frequencies of (a)
6 s À1 is close to half the value of iz . As shown in Fig. 4(a) , the discharge is still somewhat quasi-static, but the symmetry between the ascending and descending J quarter-cycles starts to break down. At 500 kHz, x ¼ 3.14 Â 10 6 s À1 is approximately equal to iz . As shown in Fig.  4(b) , the discharge is no longer quasi-static, and the striations are not all in their final saturated states. There is a significant difference in the ascending and descending J quarter-cycles, and the densities at different phases are somewhat scrambled and merging in value. At 1 MHz, x ¼ 6.28 Â 10 6 s À1 is larger than iz , and as shown in Fig. 4(c) , the phase scrambling and the asymmetry between the ascending and descending J quarter-cycles are significantly greater than at 500 kHz. We see that quasi-equilibrium breaks down and the striation amplitudes are no longer saturated when x approaches iz . However, it is not possible to measure s directly to compare with the steady-state theory for sinusoidal currents in which n 0 is varying. This prompted us to use a square wave current with a rise time short compared to the ionization time, in an attempt to measure s directly.
B. Pulsed current drive
In this subsection, we drive the discharge with a 200 kHz, 50% duty cycle square wave pulse which oscillates from a minimum value of 0.02 A/cm 2 to a maximum value of 0.23 A/cm 2 with a rise and fall time of 0.1 ls as shown in Fig. 5 . The rise time is short compared to the expected 1= iz ¼ 0:33 ls to prevent s from saturating before reaching the "on" portion of the pulse cycle in which J(t) is at its peak value. If the linear growth rate s ( iz , then s might be calculated during the "on" portion of the pulse cycle and compared to the steady-state theory. Figure 6 shows the electron density n(x) versus x at some of the 65 equally spaced phases (labeled 0-64) of a full 200 kHz cycle from / ¼ 0 to 2p. Each curve is time-averaged over a p/32 interval centered at its corresponding phase, except for the endpoint phases 0 
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Kawamura, Lieberman, and Lichtenberg Phys. Plasmas 25, 013535 (2018) and 64 which are averaged over the first and last p/64 intervals of the cycle, respectively. The solid curves correspond to J(t) rising or at its maximum ("on") while the dotted curves correspond to J(t) falling or at its minimum ("off").
The current is at its minimum value at phase number 0, rises to about 80% of its peak value at phase number 1, and reaches its peak value by phase number 2. Comparing the change in striation amplitudes between phase numbers 0 and 1, phase numbers 1 and 2, and phase numbers 2 and 3, we see a sharply increasing striation growth rate s during the rise time which saturates during the initial portion of the "on" pulse cycle. The spike in current during the rise time leads to a spike in T e and hence iz and s, and an accompanying rise in n 0 . To predict the striation growth rate and saturation during and after the current spike, we need a non-linear time-varying model which takes the time variation of n 0 , T e , and K iz into account.
IV. TIME-VARYING GLOBAL MODEL
In this section, we extend the global steady-state model summarized in Sec. II B to time-varying discharges and also introduce terms in the particle balance for the nonlinear saturation and the noise floor of the striation amplitude.
A. Particle and energy balance
The time-varying particle balance is
where n is the electron density and Solid curves correspond to J(t) rising or at its maximum, and dotted curves correspond to J(t) falling or at its minimum.
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is the electron flux; D a ¼ l i (T e þ T i ) is the ambipolar diffusion coefficient, with l i the (assumed constant) ion mobility, K iz is the ionization rate coefficient, K rec is the (constant) electron-ion recombination coefficient, and n H 2 O is the water vapor density. The electron energy balance is @ @t
where J(t) is the specified discharge current density, M is the ion mass,
is the dc plasma conductivity, and m ¼ K el n g is the electronneutral momentum transfer frequency, with K el the rate coefficient and n g the gas density. The first term on the right hand side gives the ohmic heating and the second term gives the energy loss due to electron-neutral elastic collisions. At atmospheric pressures, the inelastic energy losses are small and are neglected. Due to the high collision rate at atmospheric pressure, the energy balance is in quasi-equilibrium, @/@t % 0. Substituting (10) into (9), we obtain the quasiequilibrium energy balance
B. Zero order dynamics
We consider low frequency sinusoidal or pulsed driving currents. For the time-varying equilibrium, we assume a discharge bulk extending from x ¼ -d/2 to x ¼ d/2, with equilibrium density n 0 (t) and temperature T e0 (t), and with no zeroorder flux entering the bulk (i.e., @C 0 /@x % 0 in the bulk, as seen in the PIC results). In zero order, the particle and energy balance relations (7) and (9) yield
and
We assume an Arrhenius form for the zero-order ionization rate coefficient
where A and C are constants determined by fitting the Arrhenius form to the results of a Bolsigþ calculation 12 using the Morgan and Itikawa cross section sets. 36, 37 Solving (13) for T e0 as a function of n 0 and inserting this into (14) gives
Inserting this into (12) gives a single ordinary differential equation to determine n 0 (t).
C. First order dynamics
To investigate the stability within the bulk plasma, we introduce a spatially perturbed time-varying densityñ 1 ðx; tÞ such that
where k is the perturbation wavenumber. To determine the space-and time-varying ionization due to this perturbation, we assume that the driving current density J(t) induces an electric field in the plasma bulk given by
Substituting (10) for the dc conductivity into (17), we obtain the reduced electric field
Assuming geometrical scalings for K iz and K el
and substituting (20) into (18), we obtain
Solving (21) for X yields
Substituting this into (19), we obtain
Then
where the last equality is obtained using (23) . Substituting (16) and (24) into (7), linearizing and simplifying, we obtain
Here, D a ¼ l i (T e0 þ T i ), with T e0 given in terms of n 0 by (13) . The coefficients p and q can be approximately extracted from the PIC simulations or can be chosen to match the time-varying perturbed density. All terms on the right hand side of (25) are stabilizing, except for the first term, which can be destabilizing if
Since in general p < 1 (K el given in (20) is found to scale only weakly with X), this implies that the necessary condition for instability is
In general, the PIC simulations show that q < 0. This implies that for the perturbation, K iz varies inversely with the perturbed E/n g . The diffusion term strongly stabilizes the short wavelengths (large k's), but instability is observed for some larger wavelengths where the diffusion term is not too large.
To account for the nonlinear saturation of the instability amplitude and its decay to a low but finite density due to simulation-induced noise, we add two nonlinear terms to (25), obtaining
The first nonlinear term K rec n 2 1 gives a nonlinear saturation of the amplitude n 1 of the unstable mode. The last term gives a minimum value of n 1 near n 1min , presumably due to noise (finite number of superparticles in the PIC simulation, etc.). This parameter can be extracted from the PIC simulation results.
D. Nonlocal kinetics
A necessary condition for instability is that q < 1 -p within the plasma bulk. Assuming that K iz (x) and X(x) are related by (19) , a local calculation using Bolsigþ 12 yields q % 2. 5 This would lead to stability and the absence of striations according to condition (27) . This suggests that, as in the steady-state global model, non-local kinetic effects are required for instability.
In short systems, longer wavelength striations are prohibited by the requirement that the striation wavelength fit within the finite width d of the bulk region. In long systems, the longer wavelengths can be stabilized by the locality of the relation between K iz (x) and X(x). We expect to observe the local relation (q % 2) for wavelengths k significantly greater than the electron energy relaxation mean free path 2 and 18.2) ]. We note that k is roughly 20% of the typical 0.2 mm wavelength striations observed in the simulations. We might expect that wavelengths significantly greater than 0.2 mm will be stabilized by locality, leading to the absence of striations.
V. COMPARISON WITH PIC SIMULATIONS
In this section, we compare the time-varying global model with the PIC results for the pulsed discharge described in Sec. III B. The pulsed current J(t) is shown in Fig. 5 . We use A ¼ 9.117 Â 10 À13 m 3 /s and C ¼ 29.17 V for the ionization coefficients in (15) . These coefficients give the best Arrhenius fit to the data in our pressure and current density regime, and are extracted from a Bolsigþ calculation of K iz for He/2%H 2 O, over the range of E/n g ¼ 2. 1 A Fourier analysis of the PIC results for bulk electron density n(x) at each phase during the "on" portion of the square wave pulse showed two primary wavelengths at about 0.175 and 0.233 mm, respectively. So, we used a mean wavelength of k ¼ 0.204 mm in the analytical model. We also extracted the PIC results for the equilibrium bulk plasma density n 0 (t) and the striation amplitude n 1 (t) from this Fourier analysis, i.e., by taking the zeroth Fourier component and the average of the Fourier components corresponding to k ¼ 0.175 and 0.233 mm at each phase. The noise parameter is found from the last phase (phase no. 64) to be n 1min ¼ 8 Â 10 15 m
À3
. The scaling exponents p(t) and q(t) at each phase are obtained from the PIC simulations by first parametrically plotting K el (x) and K iz (x) versus E(x)/n g in the bulk region, and then applying a least-squares linear regression fit to the log-log plots of K el (E/n g ) and K iz (E/n g ), as described in Ref.
1. Because of the short phase intervals, there are significant error bars in the extracted data due to small sample sizes and other noise, especially for q(t). Figures 7 and 8 show the scaling exponents p(t) and q(t) from the theory (dashed) and from the PIC data (solid), as well as the results of adding (dotted) and subtracting (dashed-dotted) a standard error FIG. 7 . The scaling exponent p(t) versus t from the theory (dashed) and from the PIC data (solid), as well as the results of adding (dotted) and subtracting (dashed-dotted) a standard error (S.E.) from the PIC results.
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Kawamura, Lieberman, and Lichtenberg Phys. Plasmas 25, 013535 (2018) (S.E.) from the PIC results. We used our analytic model to obtain n 1 (t) for various values of p(t) and q(t) within the standard error, finding the results for n 1 (t) to be quite sensitive to the choices of p and q. Consequently, we decided to use an inverse procedure in which we choose p(t) and q(t) to obtain an analytical n 1 (t) which matched the PIC result. Then, we confirm that the chosen p(t) and q(t) for the model are in reasonable agreement with the PIC data. These theory choices of p(t) and q(t) are shown as the dashed lines in Figs. 7 and 8. They follow the forms of the PIC results, but with simplified straight line variations for ease of analysis: p(t) decreases linearly from 0.45 at phase 0 to 0.15 at phase 6, and increases linearly back to 0.45 from phase 32 to phase 33; q(t) decreases linearly from -0.28 at phase 0 to -2.0 at phase 6, increases linearly from -2.0 to -1.95 between phases 6 and 32, and increases to -1.33 at phase 33 and 0 at phase 64. As seen in the figures, they track the PIC values of p and q fairly well, lying mainly within the error bars. As shown in Fig. 9 , the resulting analytical n 1 (t) (dashed) is a good fit to the n 1 (t) determined from the PIC simulations (solid). Figure 10 presents the PIC (solid) and the analytical (dashed) results for (a) n 0 (t), (b) T e (t), and (c) K iz (t) in the bulk plasma. There is reasonable agreement between the PIC and analytical results. Figure 11 presents the time-varying global model results for the relative growth rates s 0 ¼ (1/ n 0 )dn 0 /dt (solid) and s 1 ¼ (1/n 1 )dn 1 /dt (dashed) for n 0 and n 1 , respectively. (For the linear steady-state theory, s 0 ¼ 0 and s 1 ¼ s.) As discussed previously, the fast rise time leads to a spike in T e and hence K iz , which in turn leads to a spike in s 1 (t) and n 1 (t). Thus, during the rise time the destabilizing ionization term in the particle balance dominates, resulting in the growth rates s 0 and s 1 being of the same order as iz . Towards the beginning of the "on" part of the duty cycle, T e and hence K iz fall back to their equilibrium states, where the 
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Kawamura, Lieberman, and Lichtenberg Phys. Plasmas 25, 013535 (2018) bulk plasma density n(x, t) ¼ n 0 þ n 1 reaches a steady-state, as also seen in Fig. 6 . During the fast fall time, T e and hence K iz decrease rapidly so that ionization becomes negligible and recombination now dominates the particle balance. This leads to both n 0 (t) and n 1 (t) decreasing rapidly during the fall period. Once T e reaches its minimum value during the offcycle, T e and hence K iz and n 1 (t) start to increase gradually. However, n 0 (t) continues to decline, as recombination still dominates over ionization during the off-cycle. The asymmetry in the density rise by ionization and the density fall by recombination (which is also seen in Fig. 6 ) is due in part to the different behavior of T e during the rise and fall times.
VI. CONCLUSIONS
Previous PIC simulations of narrow gap (1-4 mm), high frequency (27 MHz) or dc-driven He/2%H 2 O APPs showed an ionization instability resulting in standing striations in the bulk plasma.
1,2 At high frequency, the ion density (and hence n 0 from quasineutrality) is stationary since heavy ions cannot respond to a rapidly varying field and can only respond to the average field, resulting in stationary striations. In this work, we conducted PIC simulations of 1 mm gap, He/2%H 2 O APPs operated at lower frequencies of f ¼ 50 kHz-1 MHz with either a sinusoidal or pulsed current drive. At these lower frequencies, n 0 varies with time so that unstable discharges exhibit time-varying striations. As in the previous works, we use the modified He/H 2 O chemistry in order to simplify the analysis and concentrate on the physics of the instability. For the case of a 50 kHz sinusoidal current drive with current amplitude J 0 ¼ 0.23 A/cm 2 , the ionization time 1/ iz was short compared to the time (1/x) for the applied rf current J (and hence the discharge parameters) to change significantly. In this case, the discharge was mostly in a quasi-static equilibrium so that at a given phase /, the discharge resembled a dc discharge with the same current. Operating the discharge at higher frequencies (200 kHz-1 MHz), we could observe the frequency at which quasi-equilibrium breaks down, finding that the various phases started to scramble and merge together when x approached the period-averaged ionization frequency iz . We also drove the discharge with a 200 kHz, 50% duty cycle square wave current pulse which oscillates from a minimum value of 0.02 A/cm 2 to a maximum value of 0.23 A/cm 2 with a rise (and fall) time of 0.1 ls, which was short compared to an expected 1= iz ¼ 0:33 ls. We hoped to prevent the growth rate s from saturating before reaching the on-cycle so that we could observe the linear growth rate s directly during the on-cycle and compare it to the steady-state theory. However, the short rise time led to a spike in T e and hence K iz so that there was a sharp spike in s at the beginning of the rise which saturated during the on-cycle, complicating the analysis. We developed a time-varying theory, which extended the steady state model to include time-varying plasma density, electron temperature, and ionization, as well as the nonlinear saturation and noise floor of the striation amplitude. The timevarying global model was compared to the PIC results for the pulsed discharge, showing reasonable agreement. 013535-10 Kawamura, Lieberman, and Lichtenberg Phys. Plasmas 25, 013535 (2018) 
